The authors examined the association between weight patterns during middle age and incident type 2 diabetes mellitus using a subset (n ¼ 1,476) of the Framingham Heart Study original cohort limited-access data set . Participants diagnosed with diabetes before age 50 years were excluded. A functional principal components analysis of body mass index from age 40 years to age 50 years was used to define weight patterns in terms of overall weight status (normal weight, overweight, or obese), weight change (weight loss, stable weight, or weight gain), and weight cycling. Overall overweight and obesity were associated with higher rates of diabetes (for overall overweight, crude hazard ratio (HR) ¼ 3.2, 95% confidence interval (CI): 2.3, 4.6; for overall obesity, crude HR ¼ 8.8, 95% CI: 6.0, 12.8). Weight cycling was also associated with higher rates of diabetes (crude HR ¼ 1.6, 95% CI: 1.2, 2.1). Neither weight loss nor weight gain was associated with incident diabetes. After adjustment for overall weight status, weight cycling was no longer associated with higher rates of diabetes. This study underscores the importance of obesity in diabetes risk and the importance of preventing the development of overweight and obesity earlier in life.
Overweight and obesity increase risk of type 2 diabetes mellitus in adults (1) (2) (3) (4) . Weight history provides information about diabetes risk beyond current weight (3) (4) (5) (6) , and increased duration of obesity is associated with diabetes (5, 6) . Weight variability has also been linked to incident diabetes (7) and high fasting glucose levels (8) . While the influence of weight variability appears to vary across categories of baseline weight (8) , the evidence is mixed as to whether these effects can be explained by attained weight (2, 7) . Thus, we quantified the association between weight patterns during middle age and incident diabetes.
MATERIALS AND METHODS

Study population
The institutional review board of Brown University (Providence, Rhode Island) approved this study. We used the limited-access data set of the Framingham Heart Study (FHS) original cohort (https://biolincc.nhlbi.nih.gov/home/).
The design of the FHS has been described in detail elsewhere (9) . Briefly, in 1948-1952, researchers enrolled 5,209 men and women aged 28-62 years without clinically apparent cardiovascular disease in Framingham, Massachusetts. Biennial study visits included an interview, a clinical examination, and laboratory tests. Of the 5,079 participants who provided informed consent for inclusion in the limited-access data set, we excluded participants who were enrolled in the FHS cohort after the age of 40 years (n ¼ 3,071), those who did not attend FHS examinations after age 50 years (n ¼ 218), and those missing body mass index (BMI; weight (kg)/height (m) 2 ) measurements for more than 4 consecutive years or at 2 or more examinations during this period (n ¼ 213). This resulted in a sample for the characterization of weight patterns of 1,577 adults who were observed from age 40 years to age 50 years. principal components (PC) analysis of BMI from age 40 years to age 50 years. The limited-access FHS data set included exact BMI data for the majority of participant assessments. For examinations for which exact BMI was not provided, we used a randomly selected weight from the 5-pound range provided to preserve participant confidentiality and used proximally measured height to calculate BMI. We linearly interpolated BMI for intervening ages using the 2 nearest observed BMIs for a window of up to 4 years. For example, for a participant who completed study examinations at ages 39 years and 41 years, we averaged BMIs from those 2 examinations to approximate BMI at age 40 years. We represented each participant's BMI curve as a linear combination of cubic B-spline basis functions (10) . Each basis curve is positive and nonzero for only a short time period. Therefore, the basis functions can be thought of as reflecting short periods during middle age, and each participant's BMI trajectory is the weighted sum of all basis functions.
The theory and methodology of functional PC analysis have been described in detail elsewhere (11) . This approach applies the traditional PC method to determine the most important ways in which each trajectory varies from the average trajectory. We defined the functional equivalent of a linear combination of the estimated BMI functions and a weighting coefficient function. We chose the weight function to maximize the mean square of the PC scores subject to the continuous analog of the unit sum of squares constraint. For subsequent steps, we chose PC functions using the same procedure but with the additional constraint that each PC function had to be orthogonal to all of the previously chosen PC functions. Thus, the PC functions explain unique modes of variation. Scores for each participant for each PC function reflect the extent to which the participant's trajectory resembles that PC function. We categorized the PC function scores into weight patterns based on interpretability.
The first PC function explained the vast majority of variation in weight trajectories during middle age (95.2%). This PC function reflected differences in overall weight status. Participants with high scores were heavier than average and participants with low scores were lighter than average, regardless of the shape of their trajectory. Guided by standard BMI cutoffs (BMI < 25 for underweight/normal weight, BMI 25-29.9 for overweight, and BMI ! 30 for obese (12)), we categorized participants as being, overall, normal weight (PC function 1 score in deciles 1-5), overweight (deciles 6-9), or obese (decile 10). Median mean BMIs from age 40 years to age 50 years for these 3 groups were 22.8 (interquartile range (IQR), 21.5-23.9) for overall normal weight (excluding 20 participants who were consistently underweight), 26.9 (IQR, 25.9-28.3) for overall overweight, and 32.3 (IQR, 31.3-34.2) for overall obesity.
The second PC function reflected weight change. This PC function explained 2.5% of variation in the weight trajectories. Participants with higher scores experienced larger weight gains during middle age, those with median scores experienced slight weight gains, and those with low scores experienced weight losses. We categorized weight change as weight loss (score in quintile 1 on PC function 2), stable weight (quintile 2), and weight gain (quintiles 3-5). Median differences between BMIs at ages 50 and 40 years for these 3 groups were À1.3 (IQR, À2.1 to À0.6) for weight loss, 0.03 (IQR, À0.6 to 0.6) for stable weight, and 1.4 (IQR, 0.6 to 2.4) for weight gain.
The third through eighth PC functions reflected weight cycling at increasing frequency. Each of these PC functions explained 1% or less of the variation in weight trajectories. Participants with both high and low scores for these PC functions exhibit cycling in their BMI curves during middle age but with gains and losses at opposite times. The biennial measurement of weight in the FHS limited our ability to detect weight changes occurring more frequently than every 2 years. However, a participant with a highly variable BMI curve was likely to have that variability captured in the biennial sampling, even if the amplitude or frequency of weight cycles captured differed from those experienced (13) . Because of this sampling artifact, we chose to classify cycling at any frequency as cycling. Participants with scores in the highest or lowest 10% for PC functions 3-6 and/or in the highest or lowest 5% for PC function 7 or 8 were considered to have experienced weight cycling during middle age. This reflected cycling of approximately 1 kg/m 2 or more.
Ascertainment of diabetes
We considered a nonfasting plasma glucose level of at least 200 mg/dL (11.1 mmol/L) and/or reported treatment with insulin or an oral hypoglycemic agent at a study examination to be indicative of type 2 diabetes. While it is possible that some participants had type 1 diabetes, type 2 diabetes accounts for 90%-95% of diabetes among adults, and diagnosis of type 1 diabetes during middle age is unlikely (14) .
Potential confounders
We considered 5 non-time-varying potential confounders: gender, education, family history of diabetes, weight status at age 25 years, and physical activity. At examinations 7 and 8, participants reported their lifetime family history of diabetes. Participants who reported diabetes in a parent, sibling, or both at either examination were considered to have a positive family history of diabetes. To preserve confidentiality, recalled weight at age 25 years was provided in 5-pound (2.3-kg) groupings in the limited-access data set. For the majority of participants, both the minimum and maximum possible BMI calculated from measured height at examination 1 were either in the overweight/obese (BMI ! 25) or underweight/normal (BMI < 25) weight range. For the 104 participants whose possible BMI range included 25, we categorized weight status at age 25 years on the basis of a randomly selected weight from the 5-pound range provided. At certain examinations, participants reported the average number of hours per day they spent sleeping, resting, standing, and engaging in increasingly more physical tasks, and the amount of time spent engaging in each activity was weighted by the average metabolic equivalent value (9, p. 159). Physical activity was first assessed when participants were aged 36-48 years (examination 4) and was not assessed again until age 50-62 years (examination 11). When we considered measurements of activity closest to age 50 years, within a 10-year window (ages 45-55 years), 51% of our sample did not have physical activity data available. Therefore, we decided not to include physical activity as a correlate in the main analyses.
We also evaluated 3 time-varying potential confounders. We used the most recent assessment to categorize these variables at every year of age. Current smokers included persons who reported having smoked cigarettes, pipes, and/or cigars since the previous FHS examination. We categorized participants as never smokers, current smokers, former smokers who had quit smoking within the past 4 years, and former smokers who had quit smoking more than 4 years previously. Alcohol data were provided in the FHS limited-access data set as ounces per week or month or as numbers of various types of alcoholic drinks consumed per week. We converted these data into average grams of ethanol consumed per day and categorized daily alcohol consumption as none, moderate ( 15 g/day for women and 30 g/day for men), or heavier (>15 g/day for women and >30 g/day for men). We classified women as never or ever users of any type of hormones.
Statistical analyses
Of the 1,577 participants included in the characterization of weight patterns, we excluded those who were consistently underweight (n ¼ 20), those with diabetes diagnosed before age 50 years (n ¼ 23), and those with missing data on covariates (n ¼ 58). This resulted in a sample of 1,476 adults for analysis of the association between weight patterns and incident diabetes. Because the first PC function represented the most important mode of variation and explained the vast majority of variation in weight trajectories during middle age, we describe the characteristics of the sample in relation to overall weight status (Table 1) .
We calculated the number of events and person-years of follow-up from age 50 years to the first examination with an indication of diabetes or the last examination attended. Kaplan-Meier estimators (15) provided graphical comparisons of incident diabetes across weight patterns. We estimated incidence rate ratios for diabetes using Cox proportional hazards models (15) . We estimated the crude association between each weight pattern and diabetes ( Table 2 , models 1-3), the associations adjusted for the other weight patterns (model 4), and finally the association between the weight patterns and incident diabetes adjusted for confounding (model 5). We controlled for confounding by means of multivariable adjustment. If the inclusion of a potential confounder changed an estimated hazard ratio by approximately 10%, the covariate that produced the greatest change in the hazard ratio was retained in the model. Model-building continued until the estimated hazard ratios were not modified by inclusion of additional confounders. We evaluated the characteristics listed in Table 1 for confounding (except for physical activity); confounders included in the adjusted model are given in a footnote to Table 2 . Regression analyses were conducted in SAS (version 9.1.3; SAS Institute, Inc., Cary, North Carolina). The functional PC analysis was conducted in R (R Project for Statistical Computing, Vienna, Austria (www.r-project.org)), and useful functional data analysis packages are available for download (ftp://ego.psych.mcgill.ca/pub/ramsay/FDAfuns/R/fda.zip).
RESULTS
Characteristics of the sample at age 50 years in relation to overall weight status during middle age are shown in Table   Table 1 a All data are percentages unless otherwise specified. b Based on the most recent assessment before or at age 50 years. c Mean value (standard deviation) for participants with available data on activity level near age 50 years, based on the assessment closest to age 50 years within the age range 45-55 years.
1. The gender distribution varied across overall weight status: Persons with overall normal weight trajectories were more likely to be female. Overall weight status was inversely associated with education. Persons who were overweight or obese during middle age were more likely to have been overweight or obese at age 25 years. Participants with an overall obese weight pattern were more likely to abstain from alcohol use and smoking. The proportion of participants with a family history of diabetes was slightly higher for participants who were overweight or obese during middle age. Weight cycling was more common among heavier persons.
Overall, 217 cases of type 2 diabetes were diagnosed during 35,359 person-years of follow-up. Participants with diabetes were diagnosed at a median age of 67.8 years (IQR, 59.8-74.4), while those without diabetes were followed to a median age of 77.9 years (IQR, 67.6-83.7). Overall weight status and weight cycling were both crudely associated with incident diabetes (Table 2 , models 1 and 3; Figure 1 ). Neither weight loss nor weight gain during middle age was associated with incident diabetes (Table 2 , model 2). After adjustment for weight change, weight cycling, and confounders, adults who were overweight during middle age had 2.9 times the rate of diabetes incidence (95% confidence interval (CI): 2.0, 4.1) as those who were normal weight during middle age, and adults who were obese had 7.7 times the rate of diabetes (95% CI: 4.9, 12.1 (Table 2, model 5; Figure 1) ). Weight cycling was not associated with incident diabetes when overall weight status was included in the model (Table 2 , models 4 and 5).
DISCUSSION
In this study, overall weight status during middle age was strongly associated with the development of type 2 diabetes. Our findings add to the body of evidence linking overweight and obesity in adulthood to incident diabetes (1-4). However, while many previous studies used only a few weight assessments (2-6), we showed an effect of weight trajectory over a period of 11 years on subsequent diabetes using functional methods to characterize weight histories. Functional PC analysis captured variation in participants' entire weight histories throughout the period under study, thus allowing us to characterize weight as a time-varying and cumulative exposure. This is a strength of our study in light of evidence that the duration of overweight or obesity increases risk of diabetes (5, 6) .
Weight cycling was crudely associated with increased rates of diabetes but not after adjustment for overall weight status. Our results confirm those of Field et al.'s analysis (2) of Nurses' Health Study II. Field et al. found that while weight cycling was associated with incident diabetes at the crude level, women who experienced weight cycling had a higher mean BMI, and weight cycling had no effect on diabetes after adjustment for BMI (2) . Taken together, these findings suggest that weight status plays a larger role in diabetes risk than do changes in weight.
There is strong clinical trial evidence that modest weight loss can delay or prevent the development of diabetes among overweight and obese adults (16) , and observational research has found lower rates of diabetes among persons with intentional weight loss but not among persons with Abbreviations: CI, confidence interval; HR, hazard ratio. a Adjusted for weight status at age 25 years (normal weight/underweight, overweight/obese), gender, ever use of hormones (women; updated every 2 years), alcohol consumption (none, moderate, or heavier; updated every 2 years), smoking (never, current, quit up to 4 years previously, or quit more than 4 years previously; updated every 2 years), and education (less than high school, completion of high school, more than high school).
unintentional weight loss (17) . A limitation of the current study was the lack of information about intentionality of weight changes, which could explain why we did not find a protective effect of weight loss during middle age on incident diabetes. Additionally, weight losses that are not maintained do not lead to reduced risk of diabetes (18) . In another study, Weyer et al. (19) found that although fasting glucose and 2-hour glucose values improved with weight loss, values returned to pre-weight-loss levels with weight regain.
We additionally explored the impact of weight status proximal to diabetes diagnosis by considering participants' weight status after age 50 years, updated at biennial study examinations (underweight/normal weight (BMI < 25), overweight (BMI 25-29.9), or obese (BMI ! 30) (12)). The estimated hazard ratios for weight change and weight cycling were unchanged from the multivariate-adjusted model (Table 2 , model 5) when current weight status was included in the model, but the estimated hazard ratios for overall overweight and overall obesity were somewhat attenuated (for overall overweight, hazard ratio ¼ 2.6, 95% CI: 1.8, 3.8; for overall obesity, hazard ratio ¼ 6.9, 95% CI: 4.2, 11.3), indicating that weight status during middle age may act at least partially through weight status later in life. These results confirm previous research on the relevance of recent weight to diabetes incidence (1) and strengthen our findings regarding the impact of weight status during middle age on subsequent diabetes.
Height and weight were measured biannually according to standardized protocols, thus avoiding some of the known biases associated with self-reported weight (20) . Although BMI does not differentiate between lean mass and fat mass, BMI is highly correlated with waist circumference and is similarly related to total and abdominal fat (21) . The biennial measurement of weight in the FHS limited our ability to detect weight changes occurring more frequently than every 2 years. However, a participant with a highly variable BMI curve was likely to have that variability captured in the biennial sampling, even if the amplitude or frequency of weight cycles captured differed from those experienced (13) . Because of this sampling artifact, we chose to classify cycling at any frequency as cycling. Field et al. (2) defined severe and mild cycling in terms of larger amounts of weight than we did in the current study. We conducted a sensitivity analysis by redefining weight cycling to reflect weight cycles of approximately 2 kg/m 2 or more. While the crude Age, years estimate of association was modestly stronger, this association was no longer significant after adjustment for the other weight patterns and confounders (data not shown). We considered a nonfasting plasma glucose level of at least 200 mg/dL (11.1 mmol/L) and/or treatment with insulin or an oral hypoglycemic agent at a study examination to be indicative of type 2 diabetes. Type 2 diabetes accounts for 90%-95% of diabetes in adults, and diagnosis of type 1 diabetes during middle age is unlikely (14) . Fasting glucose measurements were not available, and our definition of diabetes may have been less sensitive than the criteria recommended by the American Diabetes Association (14) and may have been more likely to identify more severe cases of diabetes. While the reliance on casual glucose measurement is a known limitation of the FHS original cohort, similar definitions have been used in previous investigations with this cohort (1, 22, 23) . Because the onset of diabetes may occur 4-7 years before clinical diagnosis (24) , use of prospectively measured plasma glucose levels reduces the potential for an extended latency period due to clinical surveillance. Diabetes status was updated at study examinations, and there may have been misclassification of diagnosis date. We conducted a sensitivity analysis in which the date of diagnosis was assumed to be 1 year before the first examination at which diabetes was detected; results were essentially identical to these (data not shown), indicating that misclassification of diagnosis date is unlikely to explain our findings.
There is potential for residual confounding owing to measurement error and unmeasured variables. While smoking, alcohol consumption, and hormone use were assessed regularly, we could not update these variables between examinations, which could potentially have resulted in misclassification at the time of diagnosis. To assess the potential impact of error in recalled weight, we also classified weight status at age 25 years after adjusting BMI for the average number of pounds recalled for groups defined by gender and weight status at the time of recall (20) . We found that adjusted models using this variable resulted in very similar estimated hazard ratios for diabetes in relation to the weight patterns (data not shown). Information about current or previous pregnancies in the FHS limited-access data set is limited, yet history of gestational diabetes is a risk factor for type 2 diabetes (25) . Gestational diabetes has been linked to a history of weight cycling, though not after adjustment for weight changes during adulthood (26) . While our inability to control for confounding by these variables may have inflated our estimated association between weight patterns in middle age and diabetes, our estimated associations between overall weight status and incident diabetes are of similar magnitude to previous research (7) . In this sample, among persons with available information on physical activity, activity level was not associated with diabetes (data not shown). Given the limited potential of physical activity to confound the results in this study, the infrequency of measurement, and the high proportion of participants missing data on physical activity, we decided not to include physical activity in our main analyses. Because the sample was fairly lean (average BMIs at ages 40 and 50 years were 25.2 and 25.9, respectively), we were unable to differentiate between levels of obesity. The relation between weight and diabetes may differ among racial/ethnic groups (27) , and analyses of more diverse cohorts are needed.
In this study, we found that overweight and obesity over a 10-year period during middle age were associated with increased rates of diabetes. Although modest weight loss can delay or prevent the development of diabetes among overweight and obese adults (16) , many people are unable to maintain weight losses (28) . While our results suggest that weight regain and subsequent weight loss attempts may not increase diabetes risk, weight cycling has been associated with increased cardiovascular and all-cause mortality (29) (30) (31) . Given the strong link between obesity and diabetes (2-4), primary prevention of overweight and obesity earlier in life remains a priority.
